Introduction
============

Autophagy is a well-characterized process by which cells degrade cytoplasmic materials, including intracellular organelles, proteins, and other components and recycle them in response to nutrient-limited conditions or amino acid starvation ([@B01]). Autophagy involves the formation of double-membrane structures, termed autophagosomes or autophagic vacuoles, which fuse with the lysosomal membrane to form the single-membrane autolysosome, where the components are degraded ([@B02]). A variety of autophagy genes have been found to be specifically required for the formation of autophagosomes and for the autophagy process ([@B03]). Autophagy induction or autophagy activation has been recognized by the accumulation of autophagosomes and autolysosomes. Moreover, the conversion of microtubule-associated protein light chain 3-I (LC3-I, cytosolic form) to LC3-II (lipidated form) is another reliable marker for increased autophagic activity ([@B04]).

Several lines of evidence indicate that autophagy is associated with various human diseases, including several neurodegenerative disorders such as Parkinson\'s disease (PD), Alzheimer\'s disease (AD), and Huntington\'s disease (HD) ([@B05]). The presence of abnormal protein inclusions has been accepted as a common pathological hallmark of these disorders, including mutant α-synucleins (A53T and A30P) in PD, neurofibrillary tangles in AD, and polyglutamine expansions in HD ([@B06]-[@B09]). Therefore, efficient clearance of aggresomes by the autophagic process appears to be essential for maintaining cellular metabolic turnover and homeostasis. It has been demonstrated that α-synuclein can be degraded by both autophagic and proteosomal degradation pathways in PC12 cells ([@B10]). Stimulation of autophagic activity by rapamycin enhanced the clearance of α-synuclein ([@B10]).

The homogeneous l-isomer of 3-n-butylphthalide (NBP) was extracted from seeds of *Apium graveolens* Linn ([@B11]). Previous studies have shown that NBP is beneficial for treating stroke by multiple actions, including decreasing the area of cerebral infarct in focal cerebral ischemic rats ([@B12]), improving energy metabolism in mice with complete brain ischemia ([@B13]), reducing oxidative damage ([@B14]), and inhibiting the inflammatory response ([@B15]) in rats with focal cerebral ischemia. Synthetic dl-NBP was approved by the State Food and Drug Administration of China for clinical use in patients with stroke in 2002. Current reports show that NBP prevented oxidative damage and reduced mitochondrial dysfunction in a 1-methyl-4-phenylpyridinium (MPP^+^)-induced cellular model of PD ([@B16]). Nevertheless, the detailed molecular mechanisms underlying the neuro-protective roles of NBP in PD are not understood.

Therefore, the objective of the present study was to determine whether NBP isolated from seeds of *Apium graveolens* Linn protects PC12 neuronal cells, a widely applied cellular model of PD, from MPP^+^-induced neurotoxicity. Importantly, this study provides insights into the neuroprotective mechanisms of NBP in MPP^+^-induced PC12 cells involving autophagy-mediated α-synuclein degradation.

Material and Methods
====================

Reagents
--------

NBP was purchased from Shijiazhuang Pharmaceutical Co., Ltd. (China). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) was obtained from Sigma-Aldrich (USA). Neonatal bovine serum (NBS) and Dulbecco\'s modified Eagle\'s medium (DMEM) were purchased from GIBCO (USA). Primary antibodies for α-synuclein (CST, USA), LC3 (CST), and α-actin were obtained from Santa Cruz Biotechnology (USA). Horseradish peroxidase (HRP)-conjugated anti-rabbit IgG was provided by Jingmei Biotech Co., Ltd. (China). Secondary antibodies used for immunofluorescence analysis, including goat anti-rabbit IgG-FITC and goat anti-mouse IgG-TRITC, were purchased from the Beyotime Institute of Biotechnology (China).

Cell culture and drug treatment
-------------------------------

Highly differentiated rat PC12 pheochromocytoma cells were purchased from the Institute of Cell Biology, Chinese Academy of Sciences (Shanghai, China). Cells were cultured in DMEM supplemented with 10% NBS at 37°C in a humidified environment containing 5% CO~2~ and 95% room air. For drug treatments, cells were treated in the log phase with MPP^+^ (1 mM) in the presence or absence of NBP (0.1 mM) for 3, 6, 12, 24, 48, and 72 h.

Determination of cell metabolic viability
-----------------------------------------

The MTT assay was used to examine the metabolic viability of the cells. Cells were seeded on a 96-well plate at a density of 1 × 10^4^ cells/well. The following day, cells received different drug treatments. After the appropriate incubation time, the drugs were removed and cells were washed with phosphate-buffered saline (PBS). Then, 200 µL MTT (0.5 mg/mL diluted in culture medium) was added to each well. After an additional 3 h of incubation at 37°C in the dark, the MTT solution was removed and 200 µL dimethyl sulfoxide was added to each well to solubilize the metabolic products of MTT. The absorbance of the dissolved formazan was measured at 570 nm (A~570~) with a microplate reader (2D-Quent, GE Amersham, USA). The percentage of cell metabolic viability was calculated using the following formula: metabolic viability (%) = (A~570,\ sample~ / A~570,\ control~) ^\*^ 100.

Transmission electron microscopy analysis
-----------------------------------------

Treated cells were fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate-buffered solution for 2 h and then post-fixed with 1% OsO~4~ for 2 h. After dehydrating in a graded ethanol series and acetone washes, samples were embedded in Epon812. Ultrathin sections were stained with uranyl acetate and lead citrate and examined under a JEM-1230 transmission electron microscopy (Japan).

Immunocytochemical analysis
---------------------------

Cells were fixed with cold 4% paraformaldehyde for 20 min, washed with PBS, permeabilized with 0.1% Triton X-100 for 20 min, and stained with primary antibodies (1:1000) in PBS at 37°C for 0.5 h. Cells were subsequently treated with the secondary antibodies (1:1000) at 37°C for 30 min. After washing with PBS three times, the nucleus was stained with Hoechst 33342 for 5 min. Images were visualized under a confocal laser scanning microscope (Leica TCS SP5, Germany).

Western blotting
----------------

The treated cells were washed with ice-cold PBS and incubated with lysis buffer containing 10 mM Tris-HCl, pH 7.4, 0.25 M sucrose, 1 mM MgCl~2~, 2.5 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 1.25 mg/mL pepstatin A, 10 mg/mL leupeptin, 2.5 mg/mL aprotinin, 0.5 mM phenylmethyl-sulfonyl fluoride, 0.1 mM Na~3~VO~4~, 50 mM NaF, and 2 mM Na~4~P~2~O~7~. Protein concentration was determined by the method of Bradford ([@B17]). Total cell protein was separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, USA). Membranes were blocked with 5% non-fat milk and then incubated with antibodies to α-synuclein, LC3, or α-actin (1:1000) and HRP-conjugated anti-rabbit secondary antibody. The bound antibody complexes were detected using an electrogenerated chemiluminescence reagent (Amersham, USA). Band images were analyzed with Image Master VDS (Pharmacia Biotech, USA). The intensities of the immunoreactive bands were quantified by densitometric analysis.

Statistical analysis
--------------------

Data were analyzed using the SPSS 17.0 software and are reported as means ± SD of at least three independent experiments carried out in triplicate. Statistical differences between values were determined by analysis of variance (ANOVA) followed by the Tukey *post hoc* test. The level of significance was set at P \< 0.05 or 0.01.

Results
=======

NBP prevented MPP^+^-induced neurotoxicity in PC12 cells
--------------------------------------------------------

An MTT assay was performed to evaluate the effects of drug administration on the metabolic viability of cells. As shown in [Figure 1](#f01){ref-type="fig"}, MPP^+^ treatment for 3 h suppressed cell metabolic viability and resulted in an approximate 30% reduction of metabolic viability (P \< 0.01 versus control). Nevertheless, 0.1 mM NBP promoted the metabolic viability of PC12 cells at each time compared to the cells treated with MPP^+^ alone (P \< 0.01). Phase contrast photomicrographs show the differences in cell morphology among drug treatment groups. Twenty-four hours after MPP^+^ treatment, some of the PC12 cells died, leaving cells that appeared shrunken and with short processes ([Figure 2B](#f02){ref-type="fig"}). In contrast, in the NBP-treated groups the dendritic processes surrounding the cells were largely preserved ([Figure 2C](#f02){ref-type="fig"}), suggesting that NBP protected neuronal cells from MPP^+^-induced death.

Figure 1.3-n-Butylphthalide (NBP) prevented 1-methyl-4-phenylpyridinium (MPP^+^)-induced neurotoxicity in PC12 cells. PC12 cells were treated with 1 mM MPP^+^ or 1 mM MPP^+^ plus 0.1 mM NBP for 3, 12, 24, 48, or 72 h. Cells treated with phosphate-buffered saline were used as control. The metabolic viability of cells was assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. ^\*^P \< 0.05 compared to MPP^+^ treatment; ^\*\*^P \< 0.01 compared to control (ANOVA followed by the Tukey *post hoc* test).

Figure 2.Morphological changes in PC12 cells with different treatments. Cell morphology was examined under a phase contrast microscope 24 h after incubation with phosphate-buffered saline (*A*), 1-methyl-4-phenylpyridinium (MPP^+^) (*B*) and MPP^+^ plus 3-n-butylphthalide (NBP) (*C*). Twenty-four hours after MPP^+^ treatment, some of the PC12 cells died (arrows), leaving cells that appeared shrunken and with short processes (*B*). In contrast, in the NBP-treated groups the dendritic processes surrounding the cells were largely preserved (*C*), suggesting that NBP protected neuronal cells from MPP^+^-induced death.

NBP induced the accumulation of autophagosomes in MPP^+^-treated PC12 cells
---------------------------------------------------------------------------

To further explore the potential mechanism of the cytoprotective effect of NBP on MPP^+^-treated PC12 cells, transmission electron microscopy analysis was applied. In the control or only MPP^+^-treated groups, PC12 cells barely showed any vacuoles ([Figure 3A and B](#f03){ref-type="fig"}). In contrast, abundant vacuoles were present in NBP-treated PC12 cells ([Figure 3C](#f03){ref-type="fig"}). These vacuoles resembled autophagosomes based on the presence of the double-membrane structure ([Figure 3C](#f03){ref-type="fig"}, arrow). Moreover, single-membrane vesicles, namely autolysosomes, which contained high-density contents, were also observed after NBP treatment ([Figure 3C](#f03){ref-type="fig"}, arrowhead). These findings implied that NBP could induce the accumulation of autophagosomes in MPP^+^-treated PC12 cells.

Figure 3.Ultrastructure of PC12 cells examined by transmission electron microscopy 24 h after incubation with phosphate-buffered saline (*A*), 1-methyl-4-phenylpyridinium (MPP^+^) (*B*), and MPP^+^ plus 3-n-butylphthalide (NBP) (*C*). In the control and only MPP^+^-treated groups, PC12 cells barely showed any vacuoles (*A*, *B*). In contrast, abundant vacuoles were present in NBP-treated PC12 cells (*C*). These vacuoles resembled autophagosomes based on the presence of the double-membrane structure (*C*, arrow). Moreover, single-membrane vesicles, namely autolysosomes, which contained high-density contents, were also observed after NBP treatment (*C*, arrowhead).

NBP promoted the colocalization of α-synuclein and LC3 in MPP^+^-treated PC12 cells
-----------------------------------------------------------------------------------

PD is characterized by the presence of sporadic intra-neuronal cytoplasmic inclusions known as Lewy bodies, which contain fibrillar α-synuclein ([@B06],[@B07]). We next investigated the correlation between the autophagy marker protein LC3 and α-synuclein. After treating cells with MPP^+^ in the presence or absence of NBP for 24 h, PC12 cells were double stained with anti-α-synuclein and anti-LC3 antibodies. The nuclei were visualized by Hoechst 33342 staining. As shown in [Figure 4](#f04){ref-type="fig"}, both α-synuclein and LC3 are distributed in the cytoplasm. Interestingly, NBP promoted the colocalization of α-synuclein and LC3 in MPP^+^-treated cells, implying that α-synuclein might be degraded by an autophagy-lysosome system, and NBP enhanced the degradation of α-synuclein upon MPP^+^ treatment.

Figure 4.3-n-Butylphthalide (NBP) promoted the colocalization of α-synuclein and light chain 3 (LC3) in 1-methyl-4-phenylpyridinium (MPP^+^)-treated PC12 cells. The treated cells were immunostained with anti-α-synuclein (green) and anti-LC3 (red) antibodies. Nuclei were further stained with Hoechst 33342 (blue). Immunoreactivity was visualized under a confocal laser scanning microscope. Scale bars = 37.52 µm.

Effects of NBP on the expression of α-synuclein and LC3 protein in MPP^+^-treated PC12 cells
--------------------------------------------------------------------------------------------

Since the enhanced colocalization of α-synuclein and LC3 was observed in NBP-treated PC12 cells, it is possible that NBP stimulated the degradation of α-synuclein by an autophagic process. Therefore, the intracellular α-synuclein and LC3 protein levels were determined by Western blot. As shown in [Figure 5A](#f05){ref-type="fig"}, incubation of MPP^+^ for 24 h significantly up-regulated the expression of the α-synuclein protein in PC12 cells (P \< 0.01 compared to control), whereas NBP inhibited the elevated expression of α-synuclein induced by MPP^+^. NBP at 0.1 mM inhibited α-synuclein protein expression in cells receiving MPP^+^ alone by 60% (P \< 0.01). Moreover, the level of the α-synuclein protein in the NBP combination group was lower than in control (P \< 0.01). The application of NBP also dramatically up-regulated the expression of the LC3-II protein, which is an essential biomarker for autophagy activation ([@B18]) ([Figure 5B](#f05){ref-type="fig"}). NBP at 0.1 mM increased LC3-II expression 1.3-fold in the cells receiving MPP^+^ alone. These results suggest that NBP might promote the degradation of α-synuclein by activating autophagic processes.

Figure 5.Effects of 3-n-butylphthalide (NBP) on the expression of α-synuclein and light chain 3 (LC3) in 1-methyl-4-phenylpyridinium (MPP^+^)-treated PC12 cells. Twenty-four hours after MPP^+^ or MPP^+^ plus NBP incubation, the intracellular protein expression of α-synuclein and LC3 was evaluated by immunoblotting. Protein extracted from cells without any treatment was used as control. Representative images and quantification of the protein revealed the expressions of α-synuclein (*A*) and LC3 (*B*) protein. β-actin was used as a control of protein loading. Levels of α-synuclein and LC3-II proteins were normalized to β-actin. Data are reported as means ± SD. ^\*^P \< 0.01 compared to control; ^\#^P \< 0.01 compared to treatment with MPP^+^ alone (ANOVA followed by the Tukey *post hoc* test).

Discussion
==========

The present study demonstrates the neuroprotective effects of NBP extracted from seeds of *A. graveolens* Linn on MPP^+^-induced PC12 cells, which is a widely applied cellular model of PD. Our findings also reveal that NBP prevented MPP^+^-induced cytotoxicity in PC12 cells by stimulating autophagy-mediated α-synuclein degradation, suggesting that NBP might be promising for the clinical treatment of patients with PD.

PD is characterized by the degeneration of dopaminergic neurons in the substantia nigra, the presence of Lewy bodies in neurons, and the accumulation of α-synuclein mutations in these bodies ([@B19]). 6-Hydroxydopamine (6-OHDA) and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) are neurotoxins commonly used to induce the degeneration of dopaminergic neurons in *in vitro* studies ([@B20]). In addition, MPP^+^, the active metabolite of MPTP, can cause selective neurotoxic damage to dopaminergic neurons and thus has been widely applied to generate *in vitro* cell models of PD ([@B20]). Therefore, MPP^+^-induced PC12 cell death may provide a stable and reliable cell model for estimating the effects of anti-PD drugs.

Since understanding the mechanisms of MPP^+^-induced neurotoxicity or the drug interference might provide hints for uncovering the etiology of PD, numerous investigators have taken steps to address these important issues. It has been demonstrated that mutant α-synuclein enhanced the toxicity of MPP^+^ in PC12 cells by increasing the generation of intracellular reactive oxygen species (ROS) ([@B21]). Several drugs protect PC12 cells from death induced by MPP^+^ administration. For example, the anti-leprosy antibiotic rifampicin dramatically reduces MPP^+^-induced cell apoptosis ([@B22]) and curcumin protects PC12 cells against MPP^+^-induced apoptosis by a bcl-2-mitochondria-ROS-iNOS signaling pathway ([@B23]). In the present study, our results demonstrate that a novel neural protective agent, NBP, can protect against MPP^+^-induced neurotoxicity via activation of an autophagic process. The typical morphological changes of apoptotic cell death, including chromatin condensation, aggregation at the periphery of the nucleus, and nuclear fragmentation ([Figure 3B](#f03){ref-type="fig"}), were detected by transmission electron microscopy in MPP^+^-treated PC12 cells. After combined treatment with NBP, no characteristics of apoptosis were detected, while the accumulation of both autophagosomes and autolysosomes occurred in PC12 cells ([Figure 3C](#f03){ref-type="fig"}). Autophagy is type 2 programmed cell death, which is a mechanism distinct from apoptosis ([@B24]). In melanized neurons of the substantia nigra in patients with PD, both apoptotic and autophagic neuron degeneration has been observed ([@B25]). Since apoptosis and autophagy share several common pathways ([@B26]), it is possible that both pathways are involved in and contributed to the process of NBP-induced cytoprotection in a PD cell model. However, based on the present observations, the exact interaction between autophagy and apoptosis remains unclear.

Autophagy-mediated clearance of aggresomes has been implicated in many neurodegenerative diseases such as PD and AD. In PD, aberrant α-synuclein degradation is observed in the disease pathogenesis. The A53T and A30P point mutations in α-synuclein are substrates of autophagy, and the clearance of these mutant forms will be retarded if the autophagic process is inhibited ([@B10]). Both autophagic and proteosomal degradation pathways have been proposed to mediate α-synuclein clearance ([@B10]). Stimulation of autophagic activity by rapamycin can enhance the degradation of α-synuclein ([@B10]). Recently, the novel mTOR-independent autophagy enhancer, trehalose, has also been shown to accelerate the clearance of aggregate-prone proteins like mutant huntingtin and α-synuclein, and consequently protect cells from proapoptotic insults ([@B27]). In the current study, MPP^+^ significantly elevated α-synuclein accumulation, which was abolished by NBP addition ([Figure 5A](#f05){ref-type="fig"}). Furthermore, NBP treatment resulted in the up-regulation of LC3-II ([Figure 5B](#f05){ref-type="fig"}) ([@B18]). The enhanced colocalization of LC3 and α-synuclein was also detected upon combined MTT and NBP treatment ([Figure 4](#f04){ref-type="fig"}). These results strongly suggest that NBP promotes intracellular autophagic activity and subsequently enhances the degradation of α-synuclein. Thus, it can be concluded that autophagy protects against PD through self-digestion of mis-aggregated proteins, such as α-synuclein.

NBP has been used for the clinical therapy of stroke in China for years. A large body of evidence has shown the striking anti-ischemic effects of NBP. For example, it reduces stroke incidence and protects against oxidative stress and mitochondrial damage ([@B28]). It decreases the area of cerebral infarct and ameliorates brain edema and blood-brain barrier damage in rats with middle cerebral artery occlusion ([@B12],[@B29]). It also increases ATP level in rats with cerebral ischemia, and therefore prevents mitochondrial dysfunction resulting from ATP depletion ([@B30]). Our previous study revealed that NBP had the ability to suppress the release of cytochrome C, to stimulate the up-regulation of vascular endothelial growth factor, and subsequently protect against oxidative stress in diabetic rats ([@B31]). Moreover, NBP could reduce the amyloid β peptide generation promoted by diabetes in ischemia by inhibiting over-activated autophagy ([@B32]). Together with our observations, these results indicate the NBP may achieve neuroprotective effects by regulating the autophagic process.

The present study reported the neuroprotective effects of NBP in an *in vitro* cell model of PD. NBP prevented MPP^+^-induced neurotoxicity in PC12 cells by stimulating autophagy-mediated α-synuclein degradation, suggesting that NBP may have potential therapeutic effects for the treatment of PD patients. Future studies should be focused on exploring the potential mechanism of NBP-evoked α-synuclein clearance in MPP^+^-treated PC12 cells and the cross-talk between autophagy and apoptosis in this process.
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